Active galaxies are the most powerful engines in the Universe for converting gravitational energy into radiation, and their study at all epochs of evolution is therefore important. Powerful radio-loud quasars and radio galaxies have the added advantage that, since their radio jets need X-ray-emitting gas as a medium in which to propagate, the sources can be used as cosmological probes to trace significant atmospheres at high redshift. The radio emission can be used as a measure of source orientation, and sensitive X-ray measurements, especially when used in combination with multi-wavelength data, can be used to derive important results on the physical structures on a range of sizes from the cores to the large-scale components. In this paper we present new results on a significant sample of powerful radio galaxies and quasars at z > 0.5, drawn from the 3CRR catalogue and selected to sample a full range of source orientation. Using highquality observations from XMM-Newton and Chandra, we discuss the X-ray properties of the cores, jets, lobes and cluster gas, and, through the incorporation of multiwavelength data, draw conclusions about the nature of the emission from the different components.
INTRODUCTION
Powerful (P 178MHz > 5 × 10 24 W s −1 Hz −1 ) radio sources are visible across the Universe and can thus be used to probe a number of physical conditions at high redshift, from accretion processes to Active Galactic Nucleus (AGN) environments at early epochs. On small scales, X-ray emission from the central AGN can be used to probe the process of converting gravitational energy into radiation, as spectral and variability studies have shown that at least some of the X-ray emission comes from regions very close to the central engine. At least part of the X-ray emission is expected to be anisotropic as a result of relativistic beaming and anisotropic absorption. In particular, Unification Models explain the observed differences among AGNs as the result of their orientation with respect to the line of sight (e.g. Barthel 1989; Urry & Padovani 1995) , and an optically thick obscuring torus is invoked to hide the nucleus of objects (namely radio galaxies) viewed at large angles to the jet axis (e.g. Barthel 1989 ).
To understand the accretion mechanism(s) we need to understand orientation effects, especially in X-ray selected samples. In the simple picture of an obscuring torus, quasar light heats the gas and dust of the torus and thermal radiation is re-emitted isotropically in the mid/farinfrared in order to maintain energy balance in the inner regions. Thus, in principle, far-infrared radiation should provide an orientation-independent measure of the emitted power from the central engine. The sensitivity in the mid/far-infrared of the Spitzer satellite provides for the first time the possibility to test this hypothesis for a large number of objects.
On larger spatial scales, extended X-ray emission is observed from spatial regions coincident with the radio lobes, and the combination of the X-ray and radio radiation can be used to measure the particle content and magnetic field in the radio lobes. In addition, the well collimated relativistic jets associated with these sources, require a medium in which to propagate. As a result powerful high redshift radio galaxies are potential tracers of the formation and evolution of the most massive galaxies and clusters (e.g., Crawford & Fabian 2003; Hardcastle & Worrall 1999; Worrall et al. 2001 ). Powerful radio sources are thus key objects to understand the cosmological evolution of accretion/radiation mechanisms, relativistic effects and plasma physics in the early Universe (e.g., Brunetti et al. 2001; Marshall et al. 2005; Overzier et al. 2005) .
In this paper we present high-quality X-ray observations obtained with Chandra and XMM-Newton of 19 sources in the redshift range 0.5 < z < 1.0, which are mostly part of a larger sample of Faranoff-Riley type II (FRII) radio galaxies and quasars currently being observed with Spitzer. We discuss the properties of the core and particle content of the radio lobes and we present preliminary results on the cluster-like environment of these sources.
Throughout this paper we use the concordance cosmology with h 0 = H 0 /100 km s −1 Mpc −1 = 0.7, Ω M = 0.3, Ω Λ = 0.7. If not otherwise stated, quoted errors are 1σ for one interesting parameter.
THE SAMPLE
Low-radio-frequency optically-thin synchrotron radiation from the radio lobes of radio-loud sources should be isotropic. Thus, selection of objects via their lowfrequency radio emission represents the most reliable method for selecting an orientation-unbiased sample. The sample discussed in this paper is composed of 19 sources at redshift 0.5 < z < 1.0, selected from the 3CRR catalogue (Laing, Riley & Longair, 1983) at 178 MHz, and having Chandra or XMM-Newton observations. This work does not aim at statistically testing unification models, for which a random selection from the parent sample would be necessary. Instead we intend to look for differences in the X-ray emitting components between quasars and radio galaxies, as would be expected in unification schemes. The sources are also being observed with Spitzer and their selection as part of a larger sample was based on convenient scheduling of Spitzer observations.
Chandra or XMM-Newton observations of 9 sources (3C 184, 3C 200, 3C 220.1, 3C 228, 3C 263, 3C 275.1, 3C 292, 3C 330, 3C 334) were awarded to us in support of various projects, while data for the remaining sources were extracted from the Chandra archive. Table 1 lists the sources used in this work. Our analysis of the lobe emission was performed with a larger sample, including sources at lower and higher redshift to those detailed in Table 1 . For a full list of these sources see Croston et al. (2005) .
THE PROPERTIES OF THE CORES
High-frequency nuclear radio emission probes subarcsecond scales of radio-loud sources, and is explained as synchrotron radiation from the unresolved bases of relativistic jets, which is anisotropic due to relativistic beaming. The correlation found using ROSAT data between the nuclear, soft X-ray emission and the core radio emission of powerful radio-loud AGN (e.g. Hardcastle & Worrall 1999; Brinkmann, Yuan & Siebert 1997) suggests that at least part of the soft X-ray emission is also relativistically beamed and originates at the base of the jet. The correlation is very tight for coredominated quasars (CDQs), i.e. those source having jets pointing to small angles to the line of sight. Another subclass of object, lobe-dominated quasars (LDQs), were found to lie above the flux-flux correlation valid for CDQs (Worrall et al., 1994) , supporting the idea that lobe-dominated quasars are viewed at an angle to the line of sight such that the observer sees in X-ray both the jetdominated component and a more isotropically emitted, probably nucleus-related component, with the two components being more similar in flux density than for the CDQs. For those sources viewed on the plane of the sky (thus strongly obscured by a torus) the picture is less clear. Worrall et al. (1994) found that the core soft X-ray emission of the galaxy 3C 280 lies on an extrapolation of the correlation obtained for CDQs, and interpreted the result as due to X-ray emission from a jet-related component, with the nucleus-related component being obscured by a torus. In this picture, nucleus-related X-ray emission in radio galaxies would be seen only at hard (> 2.5 keV) energies and its characteristics have been essentially unknown before Chandra and XMM-Newton observations.
Results
Chandra and XMM-Newton observations allow us to answer some of the still open questions about the nature of X-ray emission from the nuclear region of high-redshift radio sources:
Do RGs have more absorbed cores than QSOs?
Spectral analysis of 10 radio galaxies in the sample show that 70% of them display an absorbed nuclear component with intrinsic absorption ranging from 0.2 to 50 ×10 22 cm −2 . We do not find absorption above Galactic value for any of the quasars in the sample.
If soft X-ray emission is jet-related, a correlation
should exist between core radio emission and a soft X-ray unabsorbed component of RGs and CDQs.
We correlate core radio luminosity density at 5 GHz to soft, 1-keV X-ray luminosity density of an unabsorbed component in all the sources in our sample ( Figure 1 ). We confirm previous results found with ROSAT about the tight correlation valid for CDQs, and the position above the correlation for LDQs. The 1-keV emission from the 10 RGs, which is interpreted as jet-related in CDQs, lies above the correlation valid for CDQs, suggesting that the mechanism responsible for the unabsorbed X-ray emission in the two subclasses of sources may be different.
Are the two populations (RGs and QSOs) different in their X-ray spectral properties?
Radio-loud (core-dominated or blazar-type) quasars are found to have flatter spectral index , i.e. Γ ∼ 1.5 (e.g., Worrall & Wilkes 1990 , Brinkmann et al. 2000 in comparison to the values of Γ ∼ 2 more commonly found in their radio-quiet counterparts Galbiati et al. 2005) . The flat spectrum has been interpreted as the result of beamed emission from the jet. However, for RGs it is in principle possible to separate X-ray emission which is unobscured and jet-related from obscured (possibly) accretionrelated emission. From our analysis we find that the average spectral index (Figure 2 ; the absorbed component is here considered for RGs) for all sources is < Γ > = 1.55 ± 0.05, for RGs alone is < Γ RG > = 1.57±0.03, for CDQs < Γ CDQ > = 1.45±0.06, and for LDQs < Γ LDQ > = 1.59±0.09. This shows that RGs absorbed emission behaves more similarly to the spectral behaviour of radio-loud quasars (RLQs) than radio-quiet quasars (RQQs).
Interestingly, the spectral index of the RG unabsorbed X-ray emission at low energy is rather steep, with a average of < Γ > = 2.05 ± 0.25. This is indication that the emission mechanism responsible for the unabsorbed emission in RGs and QSOs may be different.
Conclusions
Several results support a simple unification model to explain the X-ray emission from high-redshift radio loud sources:
Figure 2. Spectral index distribution for the whole sample. The dashed histogram illustrates the distribution of the absorbed components of radio galaxies, and empty boxes represent quasars.
• RGs display higher intrinsic absorption than QSOs (as expected if a torus is present);
• the unabsorbed X-ray component observed in RGs (and QSOs) correlates with the radio core, implying that this emission is most likely jet related. However the steeper spectrum observed in RGs is consistent with synchrotron emission as the mechanism responsible for this emission in RGs. On the other hand,
• the flattening of the flux-flux relation (as well as the luminosity-luminosity relation) for CDQs, i.e. the source is under-luminous in X-ray for a given radio flux, is consistent with IC becoming dominant with decreasing angle to the line of sight;
• LDQs have more X-ray emission than would be expected from a jet component alone suggesting a possible contribution to the spectrum from both jetrelated and accretion-related emission mechanisms.
The new and surprising result we find from our analysis is the flat slope describing the absorbed X-ray spectrum of RGs. In particular its value is flatter than that observed for RQQs. This seems to indicate that jet emission dominates over a possible more heavily absorbed core, as verified by simulations (Belsole, Worrall & Hardcastle, 2006) . However, we cannot rule out that RLQs and RQQs engines are different.
EXTENDED EMISSION FROM THE RADIO LOBES
Radio synchrotron emission from radio lobes is a function of electron density and magnetic field strength. The combination of radio observations with resolved X-ray observations allows us to decouple these two quantities since electron density is directly measurable from the inverse Compton (IC) emission observed in the X-rays. This may help in solving the issue of particle content and magnetic field strength in radio lobes.
The particle content in radio galaxies and quasars is still under debate. Possible interpretations are electron-proton jets (e.g., Celotti & Fabian 1993 ) and electron-positron jets (e.g., Wardle et al. 1998; Kino & Takahara 2004) . Although relativistic protons are not directly observable by IC emission, results consistent with equipartition between the magnetic field and electron energy densities represent an indirect means to disfavour models in which a substantial contribution to the energy density is provided by a population of protons (e.g., Hardcastle et al. 2004; Croston et al. 2004 ).
In this paper we summarise the results obtained from the analysis of Chandra and XMM-Newton observation of 33 classical double radio galaxies and their radio lobes. Detail of this work are described in Croston et al. (2005) .
Results
The X-ray observations available allow us to resolve emission from 38 lobes and upper limits for another 16 lobes. Of the 38 lobes with detection, 8 have sufficient counts to perform spectral analysis.
The properties of the lobes in our sample were investigated by computing the ratio (R) of the observed to predicted X-ray flux at equipartition. The predicted flux was obtained by modelling of the IC and synchrotron emission using the radio flux densities at different frequencies to normalise the synchrotron spectrum. A broken power law electron distribution with initial electron energy index δ = 2, γ min =10 and γ max = 10 5 , and a break energy in the range γ break = 1200 − 10, 000 was used. The prediction for the CMB IC and SSC at 1 keV was determined on the basis of the modelled synchrotron spectrum for each source assuming equipartition between radiating particles and magnetic field. In this definition R = 1 means that the CMB and SSC model with an equipartition magnetic field and a filling factor of unity can explain the observed X-ray flux. R > 1 indicates that either the magnetic field is lower than the equipartition value, i. e., the lobes are electron dominated, or an additional photon field is present. R < 1 implies magnetic field domination. Figure 3 shows the histogram of R for the detected lobes. The majority of sources have R > 1 and appear to be distributed around R ∼ 2.
We also examined whether the observed R-value is related to the type of radio source by comparing the distribution of R for narrow-line and broad-line objects. We observe that broad-line quasars have a tendency to display higher value of R (Figure 3 ). We demonstrated (Croston et al., 2005 ) that projection effects are likely Croston et al. (2005) (Right) .
to be important in explaining the distribution of the observed R-values, although other possibilities cannot be ruled out.
Conclusions
Our study shows that more than 70% of the sources in the sample are at equipartition or electron dominated. The distribution of the R-values, with a peak around R ∼ 2 indicates that most of the source magnetic fields are within 35% of equipartition, or electron dominance (U e /U b ) by a factor of ∼ 5. Some sources can be magnetically dominated by at least a factor of 2. These results disfavour models in which FRII lobes have an energetically dominant population of relativistic protons which are also in equipartition with the magnetic field.
ENVIRONMENT OF RADIO SOURCES AND THE SEARCH OF HIGH-REDSHIFT CLUS-TERS
Because of the propagation of radio jets, radio galaxies are expected to lie in an external medium dense enough to confine their relativistic jets. The combination of this hypothesis with the visibility of radio galaxies at high redshift suggested that these objects can be used as tracers of high-redshift galaxy clusters, by looking for hot intracluster medium around them in X-rays.
Observations with the ROSAT satellite were promising in this context (e.g., Crawford & Fabian 1993; Worrall et al. 1994; Crawford et al. 1999; Hardcastle & Worrall 1999) , with detection of cluster-like emission around some of the z > 0.5 sources in the 3CRR catalogue.
Chandra and XMM-Newton make it now possible to detect and study the environment of high redshift radio galaxies in great detail, and to separate spatially and spectrally the different components (core, lobes, jets) responsible for the X-ray emission from these sources. The picture from Chandra and XMM-Newton is rather different from that of previous satellites.
The current picture: results from Chandra and XMM-Newton
Preliminary results for sources analysed so far are shown in Figure 4 . Published work in the literature, and here assembled, shows that most of the radio galaxies and quasars in the redshift range 0.5 < z < 1.0 show a tendency to lie in extended environments with luminosities of few 10 43 h −2
(e.g. Hardcastle et al. 2002; Crawford & Fabian 2003; Donahue, Daly & Horner 2003; see Fig. 4 ). Only few objects have been confirmed spectroscopically (3C220.1 - Worrall et al. 2001, 3C184 and 3C292 -Belsole et al. 2004) . Indeed most of the X-ray emission associated with these and other sources was found to be elongated in the direction of the radio lobes (Carilli et al., 2002; Hardcastle et al., 2002; Donahue, Daly & Horner, 2003; Croston et al., 2005) Despite the low surface brightness emission from these objects, most of these environments are sufficient to confine the radio lobes (e.g. Hardcastle et al. 2002; Donahue, Daly & Horner 2003; Belsole et al. 2004 ).
The preliminary picture we observe from our study is suggesting that radio sources at high redshift trace a particular type of environment, i.e. they prefer poor environments at high redshift. This also supports that they may represent a means to built up a more unbiased sample for structures in the high-redshift Universe, where massive clusters are expected to be fewer in the hierarchical formation paradigm.
This calls for a systematic study of a well selected sample of radio sources, and the 3CRR catalogue is a good starting point.
Work on the detection of extended emission from the sources in Table 1 is under way. Our full study will allow us not only to probe the characteristics of the extended emission, but also to constrain the physical state of the radio source itself by comparing the internal and external pressure of the radio lobes.
